A rapid cycling proton beam has several distinct characteristics that are superior to a slow extraction synchrotron: the beam energy and energy spread, beam intensity and spot size can be controlled and varied spot by spot. In this study, we demonstrate the feasibility of using a spot scanning beam from a rapid-cycling-medical-synchrotron (RCMS) at 10 Hz repetition frequency in proton therapy. The versatility of the RCMS beam in proton therapy is illustrated by two examples: (1) a cylindrical volume embedded in a water phantom irradiated by a single field and (2) a spherical volume in a water phantom irradiated by two parallel opposed fields. A uniform dose distribution is to be delivered to the volumes. The Monte Carlo code, Geant4, is used to validate the dose distributions in each example. Monte Carlo codes can also be used in actual treatment plans to optimize beam spot distributions. Transverse delivery algorithms are developed to produce uniform distributions in each transverse plane in the two examples. Longitudinally, different proton energies are used in successive transverse planes to produce the SOBP required to cover the volumes. In general, uniformity of dose distribution within 3% is obtained for the cylinder and 3.5% for the sphere. The transverse algorithms require only few hundred beam spots for each plane. The algorithms may be applied to larger volumes by increasing the intensity spot by spot for the same delivery time of the same dose. The treatment time can be made shorter than 1 minute for any field configuration and tumor shape. The unique beam characteristics of a spot scanning beam from a RCMS at 10 Hz repetition frequency are used to design transverse and longitudinal algorithms to produce uniform distribution for any arbitrary shape and size of targets. The proposed spot scanning beam is more versatile than the existing spot scanning beams in proton therapy with better beam control and lower neutron dose.
Introduction
The earliest design in a proton delivery system employs the passive scattering technique in which the proton beam is spread out uniformly in axial planes by scattering foils and longitudinally by using ridge filters or propellers 1 to create a SOBP. Beam shaping is performed with patient specific devices such as apertures and compensators. Later, active scanning techniques are developed whereby a proton beam is magnetically scanned to produce a uniform dose in the axial planes and a range modulator is used to generate a SOBP 2-3 while the beam intensity remains constant. This is referred to as uniform scanning. A more technologically advanced scanning technique referred to as the spot scanning technique (SS) delivers the proton beam to discrete spots covering the treatment field and the beam intensity may vary spot-by-spot and layer-bylayer. 4, 5 Spot scanning system may be cyclotron-based or synchrotron-based. With a cyclotron-based system, energy degrader and range shifters are used to achieve the 3D scanning while the beam intensity is varied layer-by-layer to dose paint the tumor volume. 5, 6 The drawback of using energy degrader and range shifter is broadening of the beam spot size and hence a larger lateral penumbra. On the other hand, in a synchrotron-based system, the energy and intensity of a proton beam may be changed layer-bylayer. Thus energy degrader and range shifter are no longer necessary, resulting in a sharper penumbra and reduced neutron production. At the present time, the synchrotrons used in particle beam therapy utilize a slow extraction mechanism for beam extraction (spill). The maximum time between two consecutive spills is more than 7s. 4 To reduce the overhead, only a finite number of discrete energies from the synchrotron are used. An energy degrader is added to the distal end of the nozzle to generate proton energies between any two discrete energies extracted from the synchrotron. The result is a more efficient beam delivery system at the expense of a degraded lateral penumbra. Whether it is cyclotron-or synchrotron-based SS, a large number of beam spots (10,000-16,700) are required to deliver 2 Gy to a volume of 1000 cm 3 with a delivery time of 100-120 s. 4, 5 With currently available accelerator technology, beam diameters as narrow as 1.2 cm FWHM are achievable and state-of-the-art proton delivery systems dedicated for spot-scanning have demonstrated that beam diameters vary from 1.2 cm at 221.8 MeV to 3.4 cm at 72.5 MeV in air. 4 It has been shown recently that spot sizes (FWHM) of 1.1 cm for 140 MeV and 0.68 cm for 226.7 MeV in air are realistically achievable with the novel IBA pencil beam system. 7 In this study, we have explored the possibility of extracting a proton beam from a rapid cycling medical synchrotron (RCMS) at 10 Hz repetition frequency 8-11 . A rapid cycling proton beam has several distinct characteristics for radiation therapy that are superior to cyclotron and a slow extraction synchrotron: (1) The beam energy and energy spread can be varied spot by spot without the use of range degrader or range modulator. (2) Beam energy and beam intensity can be controlled with high accuracy and (3) A beam size down to 5 mm is readily achievable. In fact, the use of a smaller beam size is limited by the dosimetric characteristic of small spot size but not the technology of producing the beam spots. These characteristics imply that the beam is well suited for spot scanning proton therapy. This paper reports the dose delivery algorithms of a rapid cycling beam. The feasibility of dose delivery modality is illustrated in two different geometries, a cylinder and a sphere, each of which is embedded in a water phantom.
Materials and Methods
The conceptual design of a Rapid Cycling Medical Synchrotron (RCMS) was reported in 1999 12 and is referred to as the second generation medical synchrotron. 8 A RCMS has recently been proposed for carbon and proton therapy. 11 In this study, we proposed a smaller and less expensive version of a RCMS for proton therapy, which represents a cost-effective alternative for RCMS in proton therapy. A detailed description of the proposed rapid cycling system is described in a separate paper. Very briefly, a proton synchrotron consists of a 7 MeV linear injector (3 MeV RFQ and 4 MeV Drift Tube Linac) with a negatively charged hydrogen ion source H -, and a synchrotron to accumulate and accelerate protons. Typical beam intensity can be varied from 5×10 8 to 1×10 11 particles per cycle depending on the injection turns and source intensity. A RCMS accelerates beam at rapid rate varying from 10 Hz up to 50 Hz. Requirements of the RCMS are vacuum chamber, power supply and acceleration cavity design. The energy of the extracted beam can be varied from cycle to cycle from 70 MeV to 300 MeV. The beam intensity is controlled by the injection process, while the energy variation is controlled by a timing signal during the ramping cycle. The beam (or spot) size and spot position can also be varied spot by spot by adjusting the dipole and quadrupole magnetic fields in the transport line.
To develop the dose delivery algorithms, each beam spot is assumed to be Gaussian. In reality, the dose distribution at each point inside the target may deviate from Gaussian due to Coulomb scattering of the protons in the target material. These deviations can be modeled by actual beam measurement in future treatment protocols.
The properties of a rapid cycling beam are that the beam energy, beam size, intensity and energy spread can be varied spot by spot. Using these properties, dose painting can be performed more efficiently with any scanning pattern. Two examples in progressive degree of complexity are used to illustrate the versatility of spot scanning with a RCMS, using circular scanning patterns instead of the commonly employed raster scanning technique.
Uniform dose distribution in a circular transverse plane and the generation of SOBP
A proton beam is incident on a rectangular water phantom perpendicular to one of its surfaces. A transverse algorithm to generate a uniform circular dose of radius of 10 units in a transverse plane in the water phantom is developed. A general unit is chosen as a measure of dimensions so that any metric system and geometric size may be used in practice by simple scaling. Each beam spot is assumed to give rise to a bi-Gaussian distribution as a first approximation:
where do is a constant proportional to the number of particles in the beam, σ is the standard deviation (SD) of the dose distribution, and y-and z-are the two transverse axes respectively. The circular beam distribution can be generalized to an elliptical distribution or any arbitrary shape in practice. Different beam spot sizes with the same energy are distributed in the plane in concentric circles. An iterative process is used instead of the computationally demanding Monte Carlo simulation technique to generate a beam-spot distribution map by superimposing the Gaussian distributions as described in Eq. (1) for each spot for various combinations of the number of beam spots, the spot sizes and the spatial distribution of the beam spots. In each iteration, the lateral penumbras (80%-20% doses) in the y-and z-directions are also calculated. Only a few iterations are needed to develop a beam spot distribution pattern producing a uniform distribution in the transverse plane. The Monte Carlo code, GEANT4 13 , is then used to carry out a detailed calculation to verify the uniformity of the circular dose distribution.
To generate a three-dimensional dose distribution, for example a 5 cm long uniform cylindrical dose region (5 cm SOBP) for a proton beam of 11 cm range is generated by superimposing multiple depth dose curves (in the longitudinal direction) with different intensity weights. Combining both the longitudinal and transverse uniform dose algorithms, a uniform 3D dose distribution can be obtained. In addition to the proton energy, the spot size and the intensity can be changed layer-by-layer. It is important to choose appropriate depth intervals and intensity weights to increase the uniformity of the dose. Proton beams from synchrotron have narrow energy spreads. Small energy spread may require more beam spots than that of larger energy spread beams. Two examples relevant in clinical applications are used to illustrate the versatility of the proposed spot scanning beam.
Monte Carlo (MC) simulation
The GEANT4 simulation code 13 is a toolkit for simulating the passage of particles through matter. This multi-particle simulation program is commonly used in high energy physics tracking. In our study, GEANT4 v. 9.6p1 is used. 10 5 particles are used per spot per energy for the simulation. Very briefly, depth dose distributions in water for different proton energies are first simulated. The plateau, the Bragg peak and the range of selected energies are compared with existing beam data at the Indian University Health Proton Therapy Center. For a given SOBP and the depth of the distal edge, a selected number of depth doses are superimposed and the result is compared with that in use in the clinic. The purpose of the comparison is to gauge the accuracy of the simulation, though perfect agreement between MC and clinical data is not expected. A transverse algorithm is developed to produce a uniform distribution in the transverse planes for each of the following geometries: a planar circular uniform dose (2D), a cylindrical volume (3D) or a spherical volume (3D) in water. The theoretical calculation in section 2.1 above is used as the starting point of the simulation, which proves to be very efficient computationally. The output of this transverse algorithm consists of the beam spot sizes, spot locations and the beam intensity weights. To obtain the three dimensional distributions for the cylindrical and the spherical volumes, the respective SOBP result and the transverse algorithm are combined for each volume. Dose deposition in each voxel is calculated from the product (particle fluence × energy absorbed/mass for each voxel). The total dose delivered to the volume of interest, DVOI, is the sum of all doses absorbed in each of the voxels within the volume.
3D Uniform Cylindrical Dose distribution using GEANT4 simulation
A 5 cm diameter and 5 cm long cylindrical target is embedded in a water phantom as shown in Figure 1 (a). The proton beam is incident from left to right along the xaxis. The depths of the proximal and distal cross-sections of the cylinder relative to the incident proton beam are 6 cm and 11 cm respectively. For the uniform cylindrical dose distribution, we combine the transverse and longitudinal algorithms described in section 2.1 above, where the beam size and the energy parameters of all the beam spots are listed in Table 1 and  Table 2 . It should be pointed out that the algorithm in section 2.1 for the 10 cm diameter circle has been scaled geometrically for the 5 cm circular cross-section of the cylinder. This is possible because of the characteristics of the rapid cycling beam as described above. A schematic pictorial description of the transverse algorithm is shown in Fig. 2 . For a circle with 5 cm diameter, each unit in the "Circle Radius" and the "RMS Beam Radius" in Table 1 is 5 mm. The "Intensity Weight" in Table 1 is the relative intensity of each spot. A phase shift of π/8 is also shown in Fig. 2 . The distance between the particle source (virtual source in the nozzle) and the center of the cylinder (which coincides with the isocenter) is 250 cm (SAD). GEANT4 is used to collect the dose distribution information of each beam spot. For each beam spot, the beam emittance which specifies the 'tightness' of the beam (phase space areas of the beam) is εy= εz=2.2π μm.
3D Uniform spherical geometry using GEANT4 simulation
In this example, a spherical volume of 2 cm radius is located at the center of a water phantom of dimensions 6×6×10 cm 3 as shown in Figure 1(b) above. The objective is to deliver a uniform dose covering the entire sphere. This is a much more complex problem compared to the previous example with cylindrical symmetry as the crosssectional area of the sphere changes with depth.
The simplest solution in practice is to use two parallel opposed fields incident along the x-axis. Each field would produce a uniform dose distribution covering only the hemisphere on the same side as the incident beam by using a layer-by-layer and spot-by-spot dose painting technique. A total of 10 layers are required for each field. Each layer is 'painted' by beam spots of the same energy and arranged in concentric circles within each of which the spots have the same radius. Two different transverse algorithms are used for the 10 layers as shown in Table 3 to avoid using very small beam size, which will exhibit undesirable dosimetric characteristics. For the deepest 8 layers, the transverse algorithm uses center 1 (which contains a single beam spot) and circles 1, 2 and 3. They are the same as those of Table 1 . For example, the radius of the "Circle 3" is the "Circle Radius" of 10.8 unit multiply by 2 mm to get 2.16 cm. For the remaining two layers, the transverse algorithm uses center 2 (a single spot) and circle 4.
The longitudinal algorithm to produce a uniform spherical dose distribution along the beam axis is given in Table 4 for the 10 layers. The energy and intensity weight of each beam spot are given in columns 1 to 6. The size factor gives the sizes of the beam spot and concentric circle radii in each layer relative to the radius of the sphere. The beam size parameters of each layer can be obtained by the beam size values given in Table 3 times the size factor. Note that the last two rows of Table 4 describe the Center 2 and circle 4.
For each beam spot, the beam emittance is also εy= εz=2.2π μm, and the spatial and angular distributions are Gaussian with the relationship σ'y= εy/ σy and σ'z= εz/ σz. MC simulation with GEANT4 is used to collect the dose distribution information of each beam spot. By adding up the beam spots together, a spherical dose distribution is obtained. 
Results

Uniform dose distribution in a circular transverse plane and the generation of SOBP
The algorithm to generate a uniform circular dose using the theoretical approach is shown schematically in Figure  2 which utilizes 25 beam spots with four different beam spot sizes and four different intensities. The spot with the largest diameter is placed at the center of the circle. Three smaller sizes of beam spots are uniformly distributed along three concentric circles. The parameters are summarized in Table 1 . Taking advantage of the RCMS, one can vary the beam size and beam intensity spot by spot at each cycle. The dose distribution in a transverse plane obtained by adding the Gaussian dose distributions for each beam spot is shown in color wash in Figure 3a , where y and z axes define the transverse coordinates. The 10-unit radius circle is represented by the white circle for visualization purpose. Figure 3a shows excellent dose uniformity within the white circle is achieved. The relative SD of the dose inside the white circle is about 0.5%. Outside of the white circle, discrete beam spots can be observed. This is because of the smaller beam spot sizes in the two outer concentric circles which have very small difference in the radius (see Figure  2 ). In the Monte Carlo simulation, the discreteness of the beam spots will disappear due to multiple Coulomb scattering.
The one-dimensional dose distributions along the y-and zaxes for different planes are shown in Figure 3b . The lateral penumbras along the different axes are all 2.5 units. Thus for the 5 cm diameter cylinder as described in the Methods and Materials 2.3, the penumbra is 6.25 mm, which is similar to the Coulomb scattering penumbra value for the uniform scanning beam at the Indiana University Health Proton Therapy Center 2 . For a smaller circle, the penumbra will be smaller. The spot size also may be scaled easily from that listed in Table 1 .
Longitudinally, thirteen beam spots with different energies are superimposed to generate the depth dose curve of the proton beam of 11 cm range and 5 cm SOBP in water, which is shown in Figure 3c , included is also the energy and the intensity weight of each beam spot. The energy distribution is Gaussian and the root-mean-square (RMS) energy spread is 1%. It can be seen from Figure 3c that the flatness of the SOBP is <1%. The SD of the dose variation from 6 cm to 11 cm is 0.5 %. 
3D Uniform Cylindrical Dose distribution using GEANT4 simulation
The 3D dose distributions based on the beam spot pattern in transverse cross-sections is shown in Figure 4a . A uniform dose region (within 3%) is produced within the 5cm diameter circle (the white circle) in different transverse planes: the entrance plane (x = 0.05cm), the proximal cross-section of the 5cm SOBP (x = 6cm), the center of the SOBP (x = 8.5cm) and the distal edge of the SOBP (x = 11cm). The dose distributions in different sagittal planes in the right half of the cylinder are shown in Figure 4b . z = 0 corresponds to the plane at the center of the cylinder.
The dose distribution in each plane is uniform to within 3%. The SD of the dose distribution for the cylindrical volume is 3.3%. The distal fall-off varies from 0.6 cm to 0.75 cm due to the Coulomb scattering and the statistical fluctuation in the Monte Carlo simulation. Figure 4c shows the dose profiles in different orthogonal planes (with either y = 0 or z = 0), which are generally uniform to within 4%. The fluctuation of dose is larger than that estimated by the algorithm. In our simulation, we use 5×10 5 particles per spot as a compromise between computation time and statistical uncertainty. The error may be reduced by using more particles for simulation. spots are used. The time to deliver the dose is 32.5 s. If the required dose is 2 Gy, the particle number factor is Ncyl= 2.07×10 9 . The particle number factor is the maximum intensity in the spot-scan. The particle number of each individual beam spot equals the particle number factor times the intensity weight. In this example, the cylindrical volume is approximately 100 cm 3 . A typical beam intensity of an RCS is 10 11 particles per pulse. Thus for a volume of 1000 cm 3 , a 2 Gy dose could also be delivered in a similar time by simply increasing the beam intensity per spot as well as the beam size. This is a great advantage with the rapid cycling synchrotron.
3D Uniform spherical geometry using GEANT4 simulation
As discussed in Sec. 2.4, dose is delivered using Tables 3  and 4 Figure 5c . In general, the penumbra is about 0.6 cm, which is sufficiently small for proton therapy. The relative standard deviation of dose variation throughout the sphere is calculated to be 3.5%.
To deliver 2 Gy dose to the sphere which has a volume ~25 cm 3 , the particle number factor is Nsph=7.37×10 8 . The number of particle for each beam spot is obtained by Nsph times the intensity weight. Increasing the spherical volume by a factor of 40 to reach 1000 cm 3 , the particle number factor required is about 3×10 10 to deliver the same dose, which is still less than the maximum achievable intensity of a synchrotron. In addition, the increase in the physical size of the cross-sections can be readily accounted for by increasing the spot size and energy in a rapid cycling beam.
Discussion
Currently available spot scanning systems offer few options to adjust beam spot properties such as spot size, penumbra, intensity and energy. Spot scanning is usually performed in a raster scan fashion. With a fixed spot size, dose painting at PSI 5, 6 is performed by scanning in one of the transverse directions and shifting the treatment couch for the other transverse axis. Longitudinally, a range shifter is used to generate a SOBP. On the other hand, dose painting at MDACC is performed by scanning in the transverse planes, and range pull-back in the longitudinal direction is achieved by selecting the energies from the energy bank assigned to each field (determined in the treatment plan, and each bank contains 64 discrete energies) 3 . However, beam spot size and intensity remain constant. The number of beam spots used is 10,000 or more for a one litre volume in water. In this paper, we explore the feasibility of a spot-scan beam in proton therapy using a RCMS at 10 Hz. The unique characteristics of the rapid cycling beam from the proposed RCMS, namely the variations in energy, spot intensity and size spot-by-spot allow the use of a small number of spots arranged in concentric circles of specific dimensions to produce uniform dose distributions in both the transverse and longitudinal directions. We have demonstrated the ability of the spot scanning beam with two examples: a cylindrical volume embedded in water and a spherical volume in water.
For the cylindrical volume with 5 cm radius and 5 cm length (volume ~100 cm 3 ) irradiated by a single field, a transverse algorithm is developed consisting of 29 beam spots arranged in three concentric circles plus a single spot at the center of the circular cross-section. Beam spots in each concentric circle have a specific spot size and intensity. The same beam spot pattern is used in all longitudinal planes along the length of the cylinder but with different proton energies and intensities in each plane. A total of 13 different proton energies are used to produce the 5 cm SOBP. To deliver a dose of 2 Gy to the cylindrical volume, a total of 325 beam spots are required and the delivery time is 32.5 s.
For the spherical volume with 2 cm radius (volume ~25 cm 3 ) two parallel opposed fields matched at the central plane of the sphere are used to deliver a uniform dose distribution to the sphere. For each field, two transverse algorithms are developed to deliver a uniform dose distribution in the transverse planes in each hemisphere.
Since the cross-sectional area decreases as its distance from the central plane in the sphere increases, 10 different proton energies are used (10 transverse cross-sections) for each hemisphere to produce the uniform distribution required. A total of 420 spots are used for each hemisphere and the total number of spots to deliver 2 Gy to the sphere is 840 for 84 s beam on time.
We have demonstrated that a simple two dimensional Gaussian distribution may be used to obtain a uniform dose distribution by an iterative process as a first order approximation. This approach aids in the design of delivery patterns as shown in Tables 1-4 . The final dose distributions are confirmed (or fine-tuned if necessary) by Monte Carlo simulations. It should be pointed out that the delivery pattern presented in this study is by no means unique, but merely serves as an example to illustrate a methodology and the versatility of RCMS.
Several unique characteristics with the RCMS spot scanning beam have been exploited in this study to produce uniform volumetric dose distributions with a much smaller number of spots compared to existing spot scanning techniques. The ability to change energy spot by spot eliminates the need to use range-modifier which provides better beam control and results in less secondary neutron radiation to patients. The algorithms presented in this paper can be extended to arbitrary 3D geometry in dose painting. Although the algorithms developed in this study can in principle be applied also to synchrotrons with slow extraction beam for one second or longer extraction time, the intensity control of RCMS is easier, and this can provide better dose delivery to the SOBP.
In principle, the higher the repetition frequency, the faster is the beam delivery time, which may be advantageous for treating moving targets. Thus one may argue that a higher repetition frequency may be more desirable than 10 Hz used in this study. The two major sources of target motion in radiation therapy are due to breathing and heart beats. A normal breathing cycle is about four seconds (0.25 Hz), while the normal heart beat is about 60-80/min (1-1.3 Hz) for adults and 120-130/min (2-2.2 Hz) for infants. Thus the fastest moving target in radiation therapy is < 3 Hz. On the other hand, building an RF to produce a higher repetition frequency, for example, 15 Hz, would require a much higher RF and magnet power in comparison with those of 10 Hz rep rate. The corresponding cost increase would not be linear. Thus the 10 Hz repetition frequency for our proposed rapid cycling beam is a cost effective design which is more than sufficient to handle the fastest moving targets in radiation therapy.
Conclusion
A rapid-cycling-medical-synchrotron (RCMS) can be employed to produce uniform dose distribution to a cylindrical volume and a spherical volume. The algorithms generated in our study with circular beam spot patterns require a much smaller number of beam spots compared to those in the existing raster painting techniques. The algorithms may be extended to any arbitrary shape and size targets. The merit of a RCMS is that it does not require range modifier, and thus provide a better treatment plan for the proton cancer therapy with better beam control and less neutron production.
